It is extremely difficult to immobilize cytochrome c ͑cyt c͒ on carboxylic acid-terminated alkanethiol self-assembled monolayers ͑HOOC-SAM͒ on gold bead electrodes prepared in a hydrogen flame. We found that simple pretreatment of a HOOC-SAM/gold bead electrode by potential cycling in buffer solution in the range Ϯ300 mV prior to immobilization of the protein facilitated stable cyt c binding to HOOC-SAMs. The stability of cyt c on the HOOC-SAMs is independent of the topology of the gold surface. Bowden and co-workers first reported that gold electrodes modified by carboxylic acid-terminated alkanethiol self-assembled monolayers ͑HOOC-SAM͒ facilitate direct electron-transfer reactions of cytochromes c ͑cyt c͒ with the electrode.
Bowden and co-workers first reported that gold electrodes modified by carboxylic acid-terminated alkanethiol self-assembled monolayers ͑HOOC-SAM͒ facilitate direct electron-transfer reactions of cytochromes c ͑cyt c͒ with the electrode. [1] [2] [3] It has long been known that cyt c is immobilized on HOOC-SAMs, and that desorption of cyt c into electrolyte solutions from an HOOC-SAM surface is negligible at low ionic strengths ͑Ͻ50 mM phosphate buffer solution͒ in the pH range 6-9. 4, 5 Electrostatic interactions between the positively charged lysine-amino groups on cyt c and negatively charged carboxylate termini of the SAMs are analogous to the binding of cyt c to its physiological redox partners. In many previous experiments, flat gold electrodes prepared by vacuum deposition of Au onto cleaved mica, polished single-crystal silicon, or glass substrates have been used to form HOOC-SAMs on which cyt c was immobilized electrostatically. [4] [5] [6] Bowden and his collaborators stated recently that gold substrate topography markedly influences the degree of interaction between a HOOC-SAM and cyt c. 7, 8 As the topography of the gold substrate becomes smoother, the extent of adsorption and magnitude of electrochemical response of the cyt c immobilized on the HOOC-SAM decreases significantly. The model that was developed predicts that hydrogen bonding between HOOC termini prevails as substrates become smoother. In turn, the electrostatic interaction between HOOC-termini and cyt c becomes weaker and the amount of protein that is immobilized decreases.
Formation of HOOC-SAMs on gold bead electrodes is simple and monolayer coverage is easily attained. However, it was almost impossible to immobilize cyt c on these HOOC-SAMs, as Bowden and collaborators also found. 7, 8 In the present work, we describe how to prepare active HOOC-SAMs on gold bead electrodes for electrochemical investigations of minute amounts of cyt c mutants.
The results are compared with those obtained for a roughened goldbead surface.
Experimental
Chemicals.-Horse heart cyt c and yeast iso-1 cyt c ͑C102S͒, in which cysteine-102 was replaced by serine to prevent dimer formation, were purified chromatographically. 3-Mercaptopropionic and 16-mercaptohexadecanoic acids were obtained from Aldrich Chemical Co., St. Louis, MO. 6-Mercaptohexanoic, 8-mercaptooctanoic, and 11-mercaptoundecanoic acids were gifts of Dojindo Molecular Technologies, Gaithersburg, MD. These thiols were used without further purification. Gold wire ͑Ͼ99.99%͒ was purchased from Alfa Aesar and the gold bead electrodes were prepared by melting the gold wire in a hydrogen flame.
Instruments.-Cyclic voltammetric experiments were performed using a BAS CV-50W electrochemical analyzer ͑Bioanalytical Systems, Inc.͒. Electrode potentials were measured against Ag/AgCl ͑satd KCl͒ and the counter electrode was a platinum wire. The surface areas of the gold bead electrodes were in the range 0.12-0.17 cm 2 . The supporting electrolyte was 10 mM phosphate buffer solution at pH 7.0. All experiments were carried out at room temperature.
Preparation of active HOOC-SAM modified gold bead
electrodes.-The gold bead electrodes were cleaned first in hot concentrated H 2 SO 4 for about 2 h after melting the gold wire in a hydrogen flame ͑this treatment is unnecessary for a fresh gold bead͒; they were then subjected to an oxidation-reduction cycle ͑ORC͒ in 1 M H 2 SO 4 between Ϫ0.3 and 1.5 V for about 20 cycles at a scan rate of 20 mV/s until a well-defined voltammogram was obtained. A typical ORC voltammogram of the gold bead electrode in 1 M H 2 SO 4 is shown in Fig. 1 ; it was reproducible for most bead electrodes, that is, the structure of the gold bead electrode surface is well controlled in the present work. Any electrodes exhibiting voltammograms unlike that in Fig. 1 were excluded. The gold bead electrodes were thoroughly washed with Milli-Q water, and then sonicated in Milli-Q water for 2 min. The electrodes were soaked for 2 h in an ethanol solution containing 100 M thiol to form the HOOC-SAMs. Prior to cyt c immobilization on the HOOC-SAMs, the HOOC-SAM coated electrodes were subjected to the ORC treatment between Ϫ0.3 and ϩ0.3 V until a reproducible cyclic voltammogram ͑CV͒ was obtained ͑nearly flat CVs were obtained without any peaks͒, and then, these electrodes were soaked in 100 M protein solution ͑10 mM tris-HCl buffer at pH 8.0͒ for 2 h at room temperature, or overnight at 4°C. The CV experiments were carried out in 10 mM phosphate buffer solution at pH 7.0 at room temperature. The amount of HOOC-SAM on the gold bead electrodes was determined by cathodic stripping voltammetry in 0.5 M KOH at a scan rate of 50 mV/s.
The voltammetric response of cyt c on a pretreated HOOC-SAM on the gold bead electrode was compared with that at HOOC-SAM formed on a chemically etched gold bead electrode by aqua regia diluted threefold with water for 2 min at room temperature.
Results and Discussion
Carboxylic acid-terminated alkanethiol SAMs on gold bead electrodes.-Cathodic stripping of HOOC-SAMs from gold bead electrodes.-A typical cathodic stripping voltammogram of a HOOC(CH 2 ) 10 S-SAM on a gold bead electrode ͑pretreated͒ in 0.5 M KOH is shown in Fig. 2 . No significant differences were observed in the cathodic stripping voltammograms between treated and nontreated HOOC-SAM electrodes. These results suggest that the Ϯ300 mV potential cycling does not change the nature of bonding between sulfur atoms and the gold electrode. This stripping voltammogram is similar to that of butanethiolate SAM on evaporated gold ͑111͒ film, but the peak potentials were shifted about 130 mV toward more negative potentials. 9 The variations of two stripping peaks are about Ϯ10 mV and the peak separations between the first and second peaks are 0.19 Ϯ 0.02 V. The full widths at halfmaximum of the first and second peaks of the HOOC(CH 2 ) 10 S-SAM are 35 and 45 mV, respectively, and these values are greater than 30 mV observed for butanethiol-SAM on an annealed gold ͑111͒ film but smaller than 85 mV on a gold ͑110͒ single crystal. 9 The first peak was confirmed to correspond to the reduction of HOOC-SAMs from the annealed gold ͑111͒ film. The cathodic desorption potential of the second peak looks like desorption from gold ͑110͒ but it may not be that because the gold ͑110͒ facet is not observable on a hydrogen-flamed gold bead. 10 The ratio between the first peak and the second peak is 15:85 regardless of the chain length. That is, the gold ͑111͒ surface is estimated to be about 15% of the total area of the gold beads. The stripping potentials of both the first and second peaks vary linearly with the chain length of the HOOC-SAMs.
Activation of carboxylic acid-terminated alkanethiol SAMs on gold bead electrodes.
-It is extremely difficult to immobilize cyt c on HOOC-SAM modified gold bead electrodes that have not been pretreated. Active HOOC-SAM/gold bead electrodes were prepared by potential cycling in 10 mM phosphate buffer solution at pH 7.0 in the range Ϯ300 mV more than 10 times ͑scan rate: 50 mV/s͒ until a flat CV was obtained. On these active HOOC-SAM surfaces, cyt c can be immobilized readily.
Differential capacitance of HOOC-SAM/gold bead electrodes.-The differential capacitance, C dl , of a HOOC-SAM/gold bead electrode was estimated from the charging current of the CV, which showed that C dl remained the same from the beginning to the end of many potential cycles. That is, the values of C dl did not change by surface treatment of the HOOC-SAMs. A plot of 1/C dl vs. the chain length of HOOC-SAM is linear, as shown in Fig. 3 , in accord with C dl values on a roughened gold ͑evaporated gold film͒ surface reported by Bowden's group. 7 Electrode reaction of ͓Fe(CN) 6 ͔ 4Ϫ/3Ϫ on HOOC-SAM/gold bead electrodes.-The ͓Fe(CN) 6 ͔ 4Ϫ/3Ϫ system in 0.2 M Na 2 SO 4 was used as a redox probe of HOOC-SAM surfaces. Both untreated and pretreated HOOC-SAM coated electrodes were soaked in 5 mM tris-acetate buffer solution at pH 7.0 for about 30 min to make the difference observable prior to the voltammetric measurements. No difference was observed when the electrodes were soaked in 10 mM phosphate buffer solution at pH 7.0. The voltammetric response of ͓Fe(CN) 6 ͔ 4Ϫ/3Ϫ , which was very similar to those reported in previous papers, 11, 12 differed slightly for the untreated and pretreated surfaces. The untreated HOOC(CH 2 ) 10 S-SAM suppresses the anodic side of the voltammetric response of ͓Fe(CN) 6 ͔ 4Ϫ/3Ϫ more than the treated surface, as shown in Fig. 4 . The pretreated SAM may be more hydrophilic than the untreated one.
Cyclic voltammetry of cytochromes c.-It is well established that the topology of a gold electrode surface affects the stability of cyt c adsorbed on HOOC-SAMs. 7, 8 Cytochrome c can be immobilized on etched gold bead electrodes, but the electrode kinetics ͑voltammo-grams͒ of cyt c are not reproducible. After pretreatment of HOOC-SAM coated etched gold bead electrodes by potential cycling in the range ϩ300 to Ϫ300 mV prior to protein immobilization, welldefined reproducible results were obtained that agreed with data obtained with pretreated unetched gold bead electrodes. Thus, the activity of the HOOC-SAM surfaces after pretreatment is independent of the gold-substrate surface topology. Figure 5 shows a typical CV of horse heart cyt c on a HOOC(CH 2 ) 10 S/Au electrode ͑both pretreated and nontreated͒.
Electron-transfer kinetics between cytochromes c and gold electrodes.-Electron-transfer kinetics of horse heart cyt c ͑wild type͒ and yeast iso-1 cyt c ͑C102S͒ mediated by HOOC-SAMs with differing number of methylene groups were determined by cyclic voltammetry. The results shown in Fig. 6 agree well with previous data obtained for cyt c on HOOC-SAM/gold evaporated film electrodes.
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Conclusion
Active HOOC-SAM/gold bead electrodes have been prepared and tested successfully. Cytochrome c can be easily immobilized electrostatically on these surfaces, which were pretreated by simple potential cycling in the range Ϯ300 mV in buffer solution. The stability of the protein on these activated HOOC-SAMs is independent of the gold surface topology. 
